
����������
�������

Citation: Pratama, L.K.; Santosa, S.P.;

Dirgantara, T.; Widagdo, D. Design

and Numerical Analysis of Electric

Vehicle Li-Ion Battery Protections

Using Lattice Structure Undergoing

Ground Impact. World Electr. Veh. J.

2022, 13, 10. https://doi.org/

10.3390/wevj13010010

Academic Editor: Joeri Van Mierlo

Received: 1 December 2021

Accepted: 23 December 2021

Published: 29 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Design and Numerical Analysis of Electric Vehicle Li-Ion
Battery Protections Using Lattice Structure Undergoing
Ground Impact

Leonardus Kenny Pratama 1,† , Sigit Puji Santosa 2,3,*,† , Tatacipta Dirgantara 2,3,† and Djarot Widagdo 2,3,†

1 Department of Aerospace Engineering, Faculty of Mechanical and Aerospace Engineering, Institut Teknologi
Bandung (ITB), Jalan Ganesha 10, Bandung 40132, Indonesia; 23620007@mahasiswa.itb.ac.id

2 Lightweight Structures Research Group, Faculty of Mechanical and Aerospace Engineering, Institut Teknologi
Bandung (ITB), Jalan Ganesha 10, Bandung 40132, Indonesia; tdirgantara@ftmd.itb.ac.id (T.D.);
dwidagdo@ae.itb.ac.id (D.W.)

3 National Center for Sustainable Transportation Technology (NCSTT), Institut Teknologi Bandung (ITB),
Jalan Ganesha 10, Bandung 40132, Indonesia

* Correspondence: sigit.santosa@itb.ac.id
† These authors contributed equally to this work.

Abstract: Improvement in electric vehicle technology requires the lithium-ion battery system’s safe
operations, protecting battery fire damage potential from road debris impact. In this research a design
of sandwich panel construction with a lattice structure core is evaluated as the battery protection
system. Additive manufacturing technology advancements have paved the way for lattice structure
development. The sandwich protective structure designs are evaluated computationally using a
non-linear dynamic finite element analysis for various geometry and material parameters. The lattice
structure’s optimum shape was obtained based on the highest Specific Energy Absorption (SEA)
parameter developed using the ANOVA and Taguchi robust design method. It is found that the
octet-cross lattice structure with 40% relative density provided the best performance in terms of
absorbing impact energy. Furthermore, the sandwich panel construction with two layers of lattice
structure core performed very well in protecting the lithium-ion NCA battery in the ground impact
loading conditions, which the impactor velocity is 42 m/s, representing vehicle velocity in highway,
and weigh 0.77 kg. The battery shortening met the safety threshold of less than 3 mm deformation.

Keywords: lattice structure; battery protection; ANOVA; Taguchi method; crashworthiness; non-
linear dynamic finite element; sandwich structure

1. Introduction

Global development of electric vehicle (EV) technology is progressed rapidly. Ac-
cording to McKinsey, EV sales from 2010 until 2017 are always increasing, reaching a new
milestone of 1 million units sold in 2017 [1]. Furthermore, until September 2021, the plug-in
EV had been sold for approximately 4.3 million YTD, and it is expected that by the end
of 2021, the sales will exceed 6 million vehicles [2]. The EV usage results in an incredible
environmental impact, as in China, the number of gasoline usage and CO2 emission in
2011–2017 was reduced by 1.6 billion tons and 612 kilotons, respectively [3]. Furthermore,
the EV also has a higher efficiency compared to common internal combustion engine vehicle
due to electrical components usage and minimal power conversion [4].

Most electric vehicles use the lithium-ion battery as the primary power source due
to its high energy density and battery’s long lifespan [5,6]. Although the battery is good
for the environment, there are still potential hazards to the passengers. Battery fires cause
several accidents, for example, the Chevrolet Volt accident in May 2011 and the Tesla Model
S accident in October 2013 and May 2018 [7–9]. Recently, in July 2021, an electric car in
Norway [10], and a BMW i3 [11] in Poland also caught fire and took a long time to cool the
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battery down as it had thermal runaway. The battery burns mostly happened because of a
short circuit caused by the battery deformation. Therefore, it is critical to give sufficient
protection to the battery, to ensure passenger and car safety.

Some battery protection concepts for EV have been studied and implemented. Cur-
rently, Tesla uses three components to shield the battery, which combines the hollow
aluminum bar, titanium plate, and aluminum plate [12]. Another concept was studied by
Irawan [13] utilizing a sandwich structure with a composite core, and the design provides
good safety for the electric vehicle’s battery. In this research, a novel design of a battery
protection system will be studied.

The advanced development of additive manufacturing technology has paved way a
new possibility of core topology in the sandwich structure, one of which uses the lattice
structure. This advancement results in more complex structure manufacturability without
any significant additional cost [14]. Lattice structure has been well received, especially in
the aerospace and biomedical sector, due to its characteristics. This structure is lightweight
but has excellent acoustic, vibration, dielectric, and mechanical properties, including energy
absorption capabilities, better than its constituent material [15].

Much research has been done, utilizing lattice structure for several applications.
Shen [16] studied the effect of lattice core in sandwich structure and showed an improve-
ment compared to aluminium foam as the sandwich core. Besides that, the usage of the
lattice structure also increases beam stiffness and strength. Other researchers, Tancogne-
Dejean et al. [17] studied static and impact load to the octet-truss lattice structure, which
can be applied as an energy absorption structure. Schaedler [18] also researched the usage
of the lattice structure for energy absorption application and concluded that metallic micro-
lattice structure offers a new level of energy absorption materials that has more flexibility
to control the structural response under impact load.

In this research, several lattice geometries will be explored as the core using non-linear
dynamic finite element analysis to obtain the optimum sandwich structure configurations.
This paper studied the sandwich structure as a battery protection system using a lattice
structure as the core due to the need to protect the battery and the lattice structure’s
properties. It can be carried out to obtain a lighter but safe structure and create a more
efficient vehicle.

2. Materials and Methods
2.1. Lattice Models and Definition

According to Nguyen [19], there is twelve (12) unit cell topology of the lattice structure.
However, only four (4) models of the lattice structures will be covered in this research,
which are Octahedron-Cross (OHC), Octet-Cross (OC), Octet-Truss (OT), and Octet-Truss-
Modified (OTM). These models are chosen based on the Maxwell stability criteria [20]:

M = b − 3j + 6 (1)

where b is the number of struts and j denotes the number of friction-less joints. Each cell
topology has a different structural response. OHC and OTM have M values greater than
zero, which means these cell topologies are over-constrained and have internal stresses
generated. However, OC has an M value less than zero, which means the structure is
bending dominated, and OT has M equal to zero, indicating it is stretch dominated structure.
Besides that, these unit cell topologies are chosen so that the geometry parameters, defined
later, is applicable for all geometry in the experiment design. OHC, OC, and OT shapes are
based on Nguyen, but the OTM is a newly generated model. The OTM is made to provide
a more robust unit cell and create another protection inside the model to prevent stone
chips penetration better. The illustration of the unit cells is shown in Figure 1.
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Figure 1. Four Lattice Structure Cell Model: (a) Octahedron-Cross (OHC). (b) Octet-Cross (OC).
(c) Octet-Truss (OT). (d) Octet-Truss-Modified.

The chosen unit cell structures have a cube shape of the solid cell, with the length (A),
width (B), and height (H), as illustrated in Figure 2. Herein new variables are introduced:
α and C. As shown in Figure 2, α is defined as the taper angle between the base and the
top surface of the square frustum, with the positive value having an inward direction.
Meanwhile, the C is the average cross-section size of the lattice structure, with:

C =
A + B

2
(2)

Cellular solid structures have one (1) common term used to describe the structure’s
porosity, called relative density (ρ). Relative density is the ratio between the material’s
density and solid forms’ density from the cell walls [21]. Based on the definition, relative
density can also be further derived into a ratio between the lattice structure volume and
the solid cell volume. The lattice structure volume is obtained from the CAD software;
meanwhile, the solid cell volume is calculated analytically, using the following equation:

Vsolid = ABH − (A + B)H2 tan α − 4
3

H3 tan3 α (3)
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where A and B are the cell length, H is the cell length, and α is the taper angle of the
structure, as defined in Figure 2.

Figure 2. Solid Cube Dimension Reference.

2.2. Taguchi Design of Experiment

Taguchi Design of Experiment (Taguchi DoE) is a statistical tool to optimize the
product [22]. In this research, the optimization was done to obtain the highest Specific
Energy Absorption (SEA) value of the single-cell lattice structure model, with the idea to
get the most efficient structure to protect the lithium-ion battery. The Taguchi DoE can
be visualized using a process diagram, which shows the relation between the input and
output. The relationship between the input and output in this study is shown in Figure 3.

Figure 3. Process Diagram of The Single-Cell Lattice Structure Simulation.

As shown in Figure 3, the input is differentiated into five control factors, which
assumed to contribute to the energy absorption performance of the lattice structure, which
is geometry (variable A), relative density (B), H/C Ratio (C), α angle (D), and A/B Ratio (E),
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with each control factors, have four levels of value. Details of each parameter are shown in
Table 1.

Table 1. Lattice Structure Simulation Parameters.

Control Factors
Level

1 2 3 4

A Geometry OHC OC OT OTM
B ρ 10% 20% 30% 40%
C H/C Ratio 0.5 1 1.5 2
D α 0° 1.5° 3° 4.5°
E A/B Ratio 1 1.5 2 2.5

The parameters, which are shown in Table 1 are selected as they represent the lattice’s
cell shape and dimension. The first parameter, geometry, is chosen because the lattice
structure has various unit cell configurations, which may affect the energy absorption
performance as the compression mode may stretch or bending dominated mode [20].
ρ, or relative density, is an essential feature in solid cellular structure, which includes
lattice, representing the cavity of the structure. This parameter also had been studied
by Nasrullah [23] with a similar value. The third and fifth parameters, H/C Ratio and
A/B Ratio represent the unit cell dimension, independent of each other. Lastly, α is
chosen to represent the taper angle of the lattice structure, which is mentioned as well by
Nasrullah [23].

Based on the chosen control factors and the corresponding levels, the suitable Or-
thogonal Array for the Taguchi DoE is L16’. The Orthogonal Array used is based on
Elizalde-González’s experiment [24], as shown in Table 2.

Table 2. Complete Taguchi’s Design of Experiment.

Running
No.

Control Factor

A (Geometry) B (ρ) C (H/C) D (α) E (A/B)

1 1 [OHC] 1 [10%] 1 [0.5] 1 [0°] 1 [1]
2 1 [OHC] 2 [20%] 2 [1] 2 [1.5°] 2 [1.5]
3 1 [OHC] 3 [30%] 3 [1.5] 3 [3°] 3 [2]
4 1 [OHC] 4 [40%] 4 [2] 4 [4.5°] 4 [2.5]
5 2 [OC] 1 [10%] 2 [1] 3 [3°] 4 [2.5]
6 2 [OC] 2 [20%] 1 [0.5] 4 [4.5°] 3 [2]
7 2 [OC] 3 [30%] 4 [2] 1 [0°] 2 [1.5]
8 2 [OC] 4 [40%] 3 [1.5] 2 [1.5°] 1 [1]
9 3 [OT] 1 [10%] 3 [1.5] 4 [4.5°] 2 [1.5]

10 3 [OT] 2 [20%] 4 [2] 3 [3°] 1 [1]
11 3 [OT] 3 [30%] 1 [0.5] 2 [1.5°] 4 [2.5]
12 3 [OT] 4 [40%] 2 [1] 1 [0°] 3 [2]
13 4 [OTM] 1 [10%] 4 [2] 2 [1.5°] 3 [2]
14 4 [OTM] 2 [20%] 3 [1.5] 1 [0°] 4 [2.5]
15 4 [OTM] 3 [30%] 2 [1] 4 [4.5°] 1 [1]
16 4 [OTM] 4 [40%] 1 [0.5] 3 [3°] 2 [1.5]

Three repetitions were conducted for each simulation, with three noise levels, as
shown in the process diagram. The noises are limited only occurs in the impactor’s velocity
and the relative density. Noises represent the uncertainty during the simulation, which is
the lattice structure’s velocity disturbance and manufacture capability. The details of the
noises are shown in Table 3.
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Table 3. Noise Applied in Finite Element Simulation.

Variable
Noise

Increasing Nominal Reducing

Impactor velocity
(m/s) 5.25 5 4.75

Relative Density ρ × 1.05 ρ ρ × 0.95

2.3. Finite Element Analysis

The single-cell lattice structure analyzed using the finite element method software,
LS-DYNA. The lattice structure was subjected to a quasi-static load on the top, with a base
structure below the structure, illustrated in Figure 4. The impactor velocity is set initially to
zero and increased until a specified velocity (depends on the noises applied) within the
first two milliseconds, as shown in Figure 5.

Some boundary conditions are applied to the structure as well. The impactor’s move-
ment is restricted to only in the Z-axis direction towards the base, which means no transla-
tional movement in the X and Y direction and unable to rotate during the impact. At the
same time, the base cannot move in any direction. These conditions are applied to the finite
element model to obtain the lattice structure performance, such as the force-displacement
curve during compression.

Figure 4. Numerical Simulation Model.

The material used in the lattice structure is titanium alloy Ti-6Al-4V. This material is
popular to be used in the lattice structure, along with AlSi-12 and polymer-based material.
The properties of Ti-6Al-4V are shown in Table 4 and Figure 6.

The results obtained from the finite element simulations are the force-displacement
curve, which shows the reaction force given to the impactor for each impactor’s displace-
ment value. However, the total energy absorbed needs to be known as the specific energy
absorption is the optimization parameter, which can be calculated by integrating the force-
displacement curve. The energy absorbed calculation limited up to 60% deformation of the
lattice structure. The limitation obtained by observing the force-displacement curve and
the value higher than 60% deformation shows structural densification.
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Figure 5. Impactor’s Velocity Curve.

Table 4. Ti-6Al-4V Material Properties.

Variable Value Unit

Density [25] 4428.79 kg/m3

Young’s Modulus [25] 116.52 GPa
Yield Strength [26] 932.22 MPa
Poisson’s Ratio [25] 0.31

Cowper-Symonds Constant: D [27] 200
Cowper-Symonds Constant: q [27] 15

Figure 6. Ti-6Al-4V Effective Plastic True Stress-Strain Curve [26].

3. Optimization Result and Analysis
3.1. Taguchi Optimization

Forty-eight finite element simulations were conducted, with sixteen combinations of
control factors and three noise levels, shown in Tables 2 and 3. The simulation result is SEA
value, as shown in Table 5.
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Table 5. SEA Results from Simulations Based on Taguchi Design of Experiment.

Running
No.

Noise; SEA (kJ/kg) Average
(kJ/kg)

S/N Ratio
(dB)Increased Nominal Decreased

1 16.42 16.19 16.02 16.21 24.19
2 35.28 34.15 33.04 34.15 30.66
3 53.32 51.24 48.24 50.93 34.12
4 55.63 50.30 48.34 51.42 34.18
5 23.60 22.49 21.94 22.68 27.10
6 23.31 22.77 21.82 22.63 27.08
7 79.77 73.49 66.03 73.10 37.20
8 91.99 89.63 87.56 89.73 39.05
9 29.76 28.83 26.99 28.53 29.08
10 46.60 42.54 42.73 43.96 32.84
11 19.66 18.08 16.07 17.94 24.99
12 53.40 52.12 49.52 51.68 34.25
13 16.38 15.39 14.18 15.32 23.66
14 39.65 37.89 33.83 37.13 31.34
15 57.87 56.24 54.87 56.33 35.01
16 39.80 37.65 35.65 37.70 31.50

Total 1948.30 - -

From the results above, the signal-to-noise ratio (S/N Ratio) for larger-the-better
quality was calculated using the equations [22]:

S/N = −10 log
1
N

n

∑
i=1

1
y2

i
(4)

with n shows the number of noise levels, and yi shows the output value. For each control
factor and corresponding levels, the mean and S/N Ratios of the lattice structure’s SEA are
averaged, presented in Table 6, and visualized in Figures 7 and 8.

Figure 7. Response Chart: Mean.
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Table 6. Average and S/N Ratio for Each Control Factor and Level.

Variable Index Mean (kJ/kg) S/N RAtio (dB)

A

1 38.18 30.79
2 52.03 32.61
3 35.53 30.29
4 36.62 30.38

B

1 20.68 26.01
2 34.47 30.48
3 49.57 32.83
4 57.63 34.75

C

1 23.62 26.94
2 41.21 31.76
3 51.58 33.40
4 45.95 31.97

D

1 44.53 31.75
2 39.29 29.59
3 38.82 31.39
4 39.73 31.34

E

1 51.56 32.77
2 43.37 32.11
3 35.14 29.78
4 32.29 29.40

Figure 8. Response Chart: S/N Ratio.

The response chart shows the change in SEA value according to the difference in
design parameters. As the base geometry model of the lattice structure changed, the
SEA value also changes with the optimum model is the A2 (octet-cross geometry). From
the control factor B, relative density, the higher the relative density, will cause a higher
SEA value, which implies that the energy absorption capability is more efficient than the
structural mass. Hence, the optimum parameter for the relative density is B4, 40%.

Control factor C, H/C ratio, shows that the structural slenderness reaches a peak SEA
value at 1.5, followed by a reducing performance if the ratio increases. It indicates that the
optimum design has a value of 1.5 also, with the parameter C3. The next control factor, D
or α angle, shows a different characteristic, in which the S/N ratio dropped from D1 to D2,
then increased again. As the D1 shows the highest S/N ratio value, the optimum parameter
is D1 or 0° of α angle. Finally, the last control factor, E or A/B ratio, shows that the S/N
ratio reduces and a higher A/B ratio, in which the structure tends to be flatter. Hence, the
optimum control factor is E1, A/B ratio of 1. Each control factor optimum parameter is
summarized in Table 7.
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Table 7. Optimum Lattice Structure Parameters.

Control Factor Level Description Value

A 2 Geometry Octet-Cross
B 4 ρ 40%
C 3 H/C Ratio 1.5
D 1 α 0°
E 1 A/B Ratio 1

Prediction can be made to estimate the S/N Ratio and mean SEA value of the optimum
design using the data obtained from the finite element simulations before (see Table 5). A
predictive equation is used by using the obtained S/N Ratio and mean value [28,29]:

η = T̄ +
n

∑
j=1

(
Xij − T̄

)
(5)

with η is the predicted variable (in this case, S/N or SEA), T̄ is the average value of the
variable from all simulations, and Xij is the average value of control factor i with the
optimum level j.

The estimated S/N ratio and mean SEA value from Equation (4) found to be 41.21 dB
and 94.97 kJ/kg, respectively. Compared to the reference value of the optimization, the
average S/N ratio (31.02 dB) and average SEA value (40.59 kJ/kg), the improvement in
S/N value and SEA are 10.19 dB and 54.38 kJ/kg, respectively.

3.2. Analysis of Variance (ANOVA)

The purpose of analyzing the variance using ANOVA is to obtain the contribution for
each control factor. A higher contribution means that the corresponding control factor has
a more significant influence on SEA value. The number of runs, repetitions, and levels for
each control factor must be defined to do the ANOVA analysis. Each value will determine
the degree of freedom (DoF) value of each control factor.

The contribution of each control factor is determined by the Sum of Square (SS) value.
SS for each control factor calculated using the equation below [22]:

SS =
k

N × n

k

∑
t=1

T2
t − T2

N × n
(6)

with k shows the number of levels, Tt is the sum of response at level t, T is the total sum
response, N is total number of runs, and n shows number of repetition.

Furthermore, the total SS value for the whole orthogonal array can be evaluated using
the following equation:

SST =
N

∑
i=1

n

∑
j=1

y2
ij −

T2

N × n
(7)

The SS and the Total SS ratio for each control factor determined the corresponding
control factors’ percentage contribution. This ratio shows a relative significance between
each control factor. The result of the variance analysis is shown in Table 8. As visualized in
Figure 9, the relative density has the highest contribution to the single-cell lattice structure
SEA performance, with a 48.92% contribution, followed by H/C ratio and A/B ratio. The
next smaller contribution is base geometry design and the taper (α) angle, which has the
smallest contribution to the SEA value, hinting that changing these variables will have a
less significant effect on SEA value.
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Table 8. Analysis of Variance Result.

Variable DOF SS Contribution MS F Significance

A 3 2138.19 10.57% 712.73 106.98 Significant
B 3 9659.32 47.73% 3219.77 483.31 Significant
C 3 5254.40 25.96% 1751.47 262.90 Significant
D 3 253.26 1.25% 84.42 12.67 Significant
E 3 2718.77 13.43% 906.26 136.03 Significant

Error 32 213.18 1.05% 6.66

Total 47 20,237.12 100%

Figure 9. Contributions of Each Control Factor.

As the contribution values only show each control factor’s relative significance com-
pared to each other, another test was done to observe each control factor’s statistical
significance, so-called the F-test. The test is required to calculate the mean of the square
(MS) and F value for each control factor. MS is the ratio between the SS and DoF; meanwhile,
F is the ratio between the MS of each control factor and the error MS. The F value is com-
pared to the critical value (with 95% confidence), 2.9 [30]. The results show that all control
factors are statistically significant to the single-cell lattice structure’s SEA performance.

3.3. Optimization Result and Verification

The optimized model of the lattice structure was made using the parameters obtained
before, which are octet-cross geometry (control factor: A2), 40% relative density (B4), H/C
ratio of 1.5 (C3), 0-degree of alpha angle (D1), and A/B ratio of 1 (E1). These parameters
result in the model, as illustrated in Figure 10. The CAD model then analyzed using LS-
DYNA with three levels of noise, which results in the force-displacement curve of the lattice
structure (see Figure 11). The force-displacement curve was then analyzed to calculate the
SEA value, summarized in Table 9.

Table 9. Performance of The Optimum Model.

Parameter
Noise

Increase Nominal Decrease

Volume (mm3) 10,014.24 9473.54 8943.15
Mass (g) 44.36 41.97 39.62

Total EA (J) 3931.29 3553.12 3293.07
SEA (kJ/kg) 88.62 84.66 83.12
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Figure 10. Optimized Model Illustration.

Figure 11. Force-Displacement Curve of Optimum Model.

Based on the SEA value, the S/N ratio and the mean value is obtained, 38.63 dB and
85.47 kJ/kg, respectively. Using the performance of the baseline model (31.02 dB and
40.59 kJ/kg), the improvement based on the finite element simulations are 7.61 dB for S/N
and 44.88 kJ/kg for the SEA.

In Design for Six Sigma (DFSS), the S/N ratio’s gain determined the optimization’s
quality. If the gain is larger than 1, the optimization results in excellent improvement, but
the optimization shows a poor improvement if the gain is smaller than 1. Recall the S/N
ratio gain, 7.61 dB; it is larger than 1, which means that the quality is greatly improved.

The SEA value improvement happens as the geometry parameters chosen are the best
in each control factor. It is observed from the force-displacement curve (see Figure 11) that
the crushing mode that occurs in the lattice structure is the bending-dominated mode. This
structure has constant plateau stress and no initial peak force, and it is more suitable for
energy absorption application [31]. This application requires the peak force to be as low as
possible to achieve the highest crushing force efficiency.

The gain in S/N ratio and mean SEA value observed appears to be different between
the estimated value based on the Taguchi method and the obtained value from the finite
element simulations. There is a 9.51 kJ/kg difference in mean SEA gain and 2.58 dB
difference in S/N ratio gain, as summarized in Table 10. The error may happen in the
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optimization process due to a limited number of experiments done and can be further
reduced by increasing the number of experiments.

Table 10. Verification of The Optimized Model Summary.

Parameters Existing
Model

Estimated Verification
Difference

Value Gain Value Gain

Mean SEA (kJ/kg) 40.59 94.97 54.38 85.47 44.88 9.51
S/N Ratio (dB) 31.02 41.21 10.19 38.63 7.61 2.58

4. Battery Pack Design and Analysis

The optimum lattice structure design was studied as a part of the lithium-ion battery
protection system. The lattice structure is arranged in a multi-cell configuration, in which
the dimension will vary. The battery protection system configuration used a model based
on Irawan [13] to prevent battery deformation more than 3 mm [32]. The configuration is
illustrated in Figure 12.

Figure 12. Battery Protection Simulation Modelling Configuration.

4.1. Battery Impact Simulation Model

The battery protection system simulation consists of several parts: the battery module,
the sandwich structure, the vehicle floor panel, and the impactor. The battery module
consists of 7 by 7 of 18650 type of battery, surrounded by a housing with a thickness of
0.25 mm (see Figure 13). The 18650-battery jellyroll modeled as a crushable foam with the
properties, as shown in Table 11, and the battery skin was modeled as a shell element with
a thickness of 0.25 mm and assigned with steel material. Moreover, the battery housing
was also built as a shell element with a 3 mm thickness, made of polypropylene.

The battery protection system’s sandwich structure is made of 2 skin layers separated
by the sandwich core. Both skin layers are modeled as shell elements with a thickness of
0.4 mm for the top skin and 0.25 mm for the bottom skin layer. These skins are made of
Al2024-T351. However, the sandwich structure’s core uses a multi-cell lattice structure with
the material of Ti-6Al-4V. There are three configurations studied, as detailed in Table 12
and illustrated in Figure 14.
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Figure 13. Internal Configuration of Battery Module.

Figure 14. Multicell Lattice Structure Configuration: (a) Configuration #1. (b) Configuration #2.
(c) Configuration #3.

Table 11. Jellyroll Material Properties [13].

Variable Value

Density 2.721 × 10−6 kg/mm3

Young’s Modulus 0.5 GPa
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Table 12. Lattice Structure Scaling Configuration.

Configuration Dimension (mm × mm × mm) Plies Mass (g)

1 10 × 10 × 15 1 861
2 14 × 14 × 21 1 1232
3 10 × 10 × 15 2 1722

The battery system’s floor panel is made to represent the vehicle structure’s base above
the battery module. The floor panel is useful to limit the battery module’s displacement, so
it will not be breached into the vehicle’s main compartment. The floor panel is also made
of Al2024-T351.

The impactor is modeled to represent road debris impacting the battery system. This
part was modeled as a cone shape with a flat tip, with a conical angle of 45°. The impactor
weighed 0.77 kg, with an initial velocity of 42 m/s, the same as a typical vehicle velocity
on the road and moves towards the battery pack. This condition induced an impact
force in the battery system and should be absorbed by the lattice structure as the primary
energy absorption system of the battery. As the weight and impactor’s velocity are known,
the initial energy of the impactor (and thus the whole structure) can be calculated using
equation:

Einitial = Et = Ek =
1
2

mv2 (8)

means the total energy the system is 679.14 J.
The battery impact simulation is done to obtain the maximum battery deformation

for 3 different lattice structure array configurations. As the impactor was placed in the
centre of the battery module, it was assumed that the maximum deformation occurred on
the battery in the middle as well. The deformation is then extracted by placing several
trackers on the upper side and below the jellyroll, which shows the displacement of each
side, and taking the difference to obtain the jellyroll deformation. These trackers are shown
in Figure 15.

Figure 15. Trackers Position: (a) Under The Jellyroll. (b) Above The Jellyroll.

The finite element simulation consists of several moving parts. Several contact param-
eters then need to be defined to avoid any penetration between those parts. The master
and slave parts are elaborated in Table 13, with the friction coefficient being 0.4 in the static
condition and 0.3 in the dynamic condition.
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Table 13. Master and Slave Parts of Defined Contact Parameters.

Master Part Slave Part

Impactor Top Sandwich Layer
Impactor Lattice Core
Impactor Bottom Sandwich Layer
Impactor Battery Housing

Lattice Core Lattice Core
Top Sandwich Layer Lattice Core

Bottom Sandwich Layer Lattice Core
Battery Skin Battery Housing

Top Sandwich Layer Battery Housing
Floor Panel Battery Housing

Battery Jellyroll Battery Skin

4.2. Results and Discussion

The finite element simulation is done in three different lattice structure configurations,
resulting in the 18650-battery deformation curve to time is shown in Figure 16. The graph
shows that configurations #1 and #2 of the lattice core (one-layer configuration) have a max-
imum battery deformation larger than the allowable value, 5.91 mm and 6.27, respectively.
Comparing with the 18650 battery safety criteria, which 4 mm of axial deformation [32],
these configurations still failed to perform a good battery protection system. However, a
different result shows in configuration #3 the lattice structure. Using two-layers of lattice
core shows a significant reduction in battery deformation, which deformed only 2.7 mm.
This result means that configuration #3 provides sufficient protection to the battery system.

Figure 16. Deformation Curve of The Battery for Each Lattice Configuration.

The battery deformation of the system is related to the energy absorption capability of
the sandwich structure. The lattice structure’s energy absorption performance may see in
the change of the structure’s internal energy, as shown in Figure 17. Configuration #3 of the
lattice structure has the highest internal energy change, resulting in the smallest battery
deformation, while the lattice structure configurations #1 and #2 have lower internal energy
than configuration #3. However, the battery deformation of configuration #2 is larger than
configuration #1, although the internal energy is higher in configuration #2.

As visualized in Figure 18, the beginning of the impact is at t = 0.14 ms. The impact
force deformed the lattice structure as shown at t = 0.28 ms and followed by the structure’s
bending at t = 0.49 ms. The sandwich structure starts moving straight towards the battery
module at t = 0.66 ms, which causes the battery deformation. It ends at t = 0.98 ms when the
impactor and the protector are changing their movement direction. The phenomenon shows
that the impactor’s energy is distributed into the lattice structure’s plastic deformation
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(as energy absorption) and the kinetic energy of the lattice structure. The kinetic energy
establishes a translational movement, impacting the battery module, which means that the
lattice structure configuration used is still too stiff.

Figure 17. Internal Energy Change of The Lattice Structure.

Figure 18. Battery Protection System Response to Ground Impact.

The third configuration lattice structure provides a sufficient energy absorption ca-
pability which limit the battery’s deformation below 3 mm. The maximum deformation
occurs at t = 2.45 ms, where the observed battery’s jellyroll (in blue color) shortened by
2.7 mm, which visualized in Figure 19. As shown in the same figure, it is shown that the
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battery deformation is larger in the area where the impactor hit the battery module, which
indicates the battery in the centre is the most critical part.

Figure 19. Battery Protection System Response to Ground Impact.

The change in the internal energy of each lattice structure shares the same pattern.
The value rises until a peak value, then reduced until a steady-state value—the elastic
and plastic deformation causes this pattern. The peak value consists of a combination of
these deformation types, while the steady-state value only consists of plastic deformation.
Figures 20–22 show the plastic deformation of each lattice configuration.

Figure 20. Plastic Deformation of The Configuration #1 Lattice Structure.

Figure 21. Plastic Deformation of The Configuration #2 Lattice Structure.



World Electr. Veh. J. 2022, 13, 10 19 of 21

Figure 22. Plastic Deformation of The Configuration #3 Lattice Structure.

5. Conclusions

The computational study is carried out to find solutions for frequent problems in
the electric vehicle implementation of the lithium-ion-based battery undergoing impact
loading due to road debris. Using non-linear finite element analysis, it is found that:

1. The sensitivity analysis using Analysis of Variance results in the contributions of 5
control factors for SEA output. The most sensitive parameter is the relative density
(47.73% contribution), followed by height-to-cross section characteristic length – H/C
ratio (25.96%), length-to-width – A/B ratio (13.43%), geometry (10.57%), and taper (α)
angle (1.25%), with the error contribution of 1.05%. Based on the F-test analysis, all
control factors significantly affect the SEA output, with a 95% confidence level;

2. The optimum design, with the highest SEA output, based on the Taguchi Orthogonal
Array has configuration of the octet-cross geometry structure, with 40% relative
density, with a H/C ratio of 1.5, α angle 0°, and the A/B ratio of 1. The SEA output
from this optimum design is 85.47 kJ/kg.

3. The lattice structure’s optimized model can be applied as the sandwich core in the
battery protection system. The lattice structure size is 10 mm by 10 mm by 15 mm,
arranged in 18 × 18 × 2 cells. This structure’s total mass is 1722 grams and can
maintain the battery deformation for a maximum of 2.7 mm.

In this research, the optimization is focused on the lattice structure geometry param-
eters to achieve the highest SEA of a single cell lattice shape. The obtained design was
then applied for the battery protection system, and it is capable of withstanding the impact
load given to the battery. However, as the SEA reaches its peak, the mean crushing force
of the lattice structure is also high, which may create an over stiff structure and reduce
the energy absorption capability of the structure. Therefore, for future works, it is recom-
mended to use a multi-objective optimization for a similar problem to increase the energy
absorption capability of the lattice structure while keeping the battery deformation and the
structural mass low. Furthermore, the lattice array configuration has to be included as the
optimization parameter.
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EV Electric Vehicle
OHC Octahedron-Cross
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OT Octet-Truss
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DoE Design of Experiment
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CAD Computer-aided Design
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